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SOME EFFECTS OF HEAT TRANSFER AT MACH NUMBER 2.0
AT STAGNATION TEMPERATURES BEIWEEN 2,310° AND
3,500° R ON A MAGNESIUM FIN WITH SEVERAL
LEADING-EDGE MODIFICATIONS

By Williem M. Bland, Jr., and Walter E. Bressette
SUMMARY

Four models of & thin magnesium fin, with the leading edge swept
back 35°, of a type used to stabilize the first stages of rocket-
propelled multistage hypersonic models have been tested in the pre-
flight high-temperature jet of the Langley Pilotless Ailrcraft Research
Station at Wallops Island, Va. This exploratory investigation was made
to determine some effects of aerodynamic heatling at high stagnation
temperatures on the leading edges of fins and to determine the relative
effectiveness of several leading-edge protectlve schemes.

Results of these tests, which were conducted at Mach number 2.0 fon
various stagnation temperatures between 2,5100 and 3%,500° R, indicated
that under similar test conditions a magnesium fin with a blunt leading
edge suffered much less damage than one with a very sharp leading edge
even when onLy the mass remeining after blunting is considered. Also,
wrapping sheet Inconel eround the leading edge proved to be a very
effective scheme for protecting the leading-edge reglon. Elementary
calculations sppeared reasonably capeble, though conservetive, of pre-
dicting the time for melting to occur on the Inconel leasding edge.

INTRODUCTION

Problems associated with flight at supersonic speeds have been
investigated in free flight by the Langley Pilotless Aircraft Research
Division with multistage rocket-propelled models. Conventional fins
have been used to stabilize the model-booster combinations at relatively
low supersonic speeds. These fins had sharp leading edges to decrease
drag and were made of magnesium to decresse the weight. With the advent

b g



2 SRR NACA RM LS5T7CLh

of research at hypersonlc speeds with rocket-propelled models, the
velocities attained by the fin-staebllized model-booster combinations
heve been increased at low altitudes until the aerodynamic heating has
become severe enough to be demaging. Recently a large two-stage fin-
stabilized model, launched from the ground at about 55° above the
horizontal, was accelerated to a Mach number of 2.2 in 4.8 seconds by
the first-stage rocket motor. After a short interval of decelerating
flight, the model was accelerated by its rocket motor from e Mach num-
ber of 1.1 for 2.75 seconds until 1t unexpectedly underwent an sbrupt
change in flight path that resulted in model destruction at a Mach
number of 4.7 and an altitude of approximately 15,300 feet. Fin fail-
ure could have caused the abrupt change in flight path. Subsequent
heating calculations were made using the actual flight=path conditions.
These calculations indicated that the fin leading edges could have
reached the melting temperature of msgnesium about 1.5 seconds after
the beginning of the second period of acceleration and that the temper-
ature of the magnesium, 3 inches behind the leading edge, could have
risen about 500° F by the time of model failure. The results of these
calculations thus indicated that the model was probably lost by failure
of the fins.

In order to determlne some effects of serodynamic heating at high
stagnation temperatures on the leading edge of the fins and to determine
the relative effectiveness of several leading-edge protective schemes,
an investigatlon has been initiated by the Langley Pilotless Aircraft
Research Division. The first phase of the investigation, as reported
herein, was conducted by testing a series of four uninstrumented models
of a booster fin in a Jet at Mach number 2.0 in which the stegnation
temperature could be varied from 1,200° to L4,000° R. In some cases the
Jet conditions were adjusted so that heating conditions at the fin
leading edge were similar to those encountered in free flight by the
model previously discussed. These tests were conducted at high stagna-
tion temperatures in the preflight jJet of the Langley Pilotless Aircraft
Research Station at Wallops Island, Va. '

MODELS

The plan form chosen for thils exploratory investigation simulated
the outboard leading-edge portion of a thin booster fin with the rels-
tively small leading-edge half-wedge angle of 3° and the leading edge
swept back 35°. Four models (see fig. 1) ofthis plan form were fabri-
cated from maghesium plate. One, the basic fin, represented the
leading-edge region of the full-scale booster fin. The models were
modified in the leading-edge region as follows: ’
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MOBEL.L « « « « « o & o o o o o o o e e e e v v e v w .. Basic fin

MOdel 2 ¢« 4 « ¢« ¢ « o o o a s s o o s o o o« o« o s o Blunt leading edge

Model 3 « & ¢ ¢ ¢ ¢« &« & &« o« « Lesding edge wrgpped with gz -inch-thick
Inconel and blunted as model 2

Model 4 . . . . . . . |Magnesium leading edge replaced by one machined
from stalnless steel and blunted as model 2

The models were not instrumented.
TEST PROCEDURE

The investigetlion was conducted by exposing the models at a Mach
number of 2.0 in the l2-inch-digmeter preflight high-tempersasture Jjet.
Bach model was mounted on a stand that would insert and withdraw it from
the Jet once desired flow conditions had been established. The motion of
the stand was such thst a model traversed about one-half the jet stream
while being rotated to the test position and while being withdrawn.
Approximetely O.4 second was spent traversing the jet stream in either
direction. Model 2 is shown erected to the testing position, in the
center of the Jjet, in figure 2. The black chordwise line indicates the
center of the jet in the vertical plane. A more detailed description
of the operation and characteristics of the high-temperature jet is pre-
sented in the gppendix.

Motion plctures of the model and of an electric clock were taken
from one side and from overhead during each test at approximstely
128 frames per second. These films provided the only source of data
from these tests other than jet operating conditions. From these films
were oObtained the elapsed time each model was in the testing position
and, where gpplicable, the time at which leading-edge damsge was first
observed.

TESTS AND CALCULATIONS

Tests

CGenergl.- Calculated stream conditions along the center line of
the jet ahead of the model position are presented in figure 3 for 4if-
ferent center-line stagnation temperstures. The stagnation tempersgtures
referred to are averege values along the center line of the Jet for the
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time of a test. Varlasnces from the average are quoted for each test in
table I.

The tunnel was opersted so that the stream static pressure along
the center line at the Jet exlt was O.78 times the ambient pressure.
This resulted in a total pressure of 11,300 pounds per square foot behind
a detached shock which 1s ahead of the 35° sweptback leading edge. An
equivalent pressure would be obtaeined in free flight at Mach numbers 2.6
and 4.0 at altitudes of 20,000 and 40,000 feet, respectively.

Since the Jet static pressure was less than embient, shock diamonds
were formed near the exilt and extended downstream t0 intersect several
inches behind the leeding edges of the models. Infermastion concerning
the shock cone 1s included in the sgppendix.

Test times given are for the interval of-time a model was exposed
to the Jet in the testing position. Other pertlnent informstion con-
cerning the tests is Included in table I.

Model 1, begic fin.- The baslic magnesium fin with the very sharp
leading edge (1/6k-inch radius) was inserted in the Jet with the stag-
nation temperature at 2,390° R. Melting of the wing leading edge was
observed to start near the jet center line at 0.6 second. Damsge after
exposure for 2.3 seconds was extensive as shown in figure 4. As a mat-
ter of interest, the calculated heat input to the fin leading edge during
the 2.3%-second test-was of the same order as that calculated for the
flight condition discussed in the "Introduction.”

Model 2, blunt leading edge.- The masgnesium fin with the leading
edge blunted to a 1/16-inch radius was inserted in the jet with the
stagnation temperature at 2,310° R. Melting of the wing leading edge was
observed to start slightly above the Jet center line at-1.9 seconds which
ig considerably later than the time melting was observed to start on the
bagic fin. Damage after _exposure for 2.3 seconds wes relatively small as
shown in figure 5. The beneflit derived by blunting the leading edge is
shown qulte clearly by a comparilson between figures 4 and 5. The black
line extending from root to tip Just behind the leading edge of model 1
(basic fin) in figure 4, which shows the relative position of the
leading edge of model 2 (fig. 5), is indicative of the smount of material
removed from the basic fin to arrive at model 2. Thus for approximately
similer test conditions the fin with the sharp leading edge sustalned
more dsmage than the fin with the blunt leading edge even when only the
reduced massg Of model Z 1s congldered. That ls, damage to the fin with
the gharp leading edge extended farther behind a line representing the
leading edge of model 2 than the damsge to model 2. The stegnation tem-
peratures of these tests, 2,390° and 2,310° R, compsare approximetely with
the stagnation temperstures that would be cobtained In flight at Mach num-
bers 5.0 and 4.9, respectively, at an altitude of 40,000 feet: (See

table I.)

sﬁ.mnum—-—ﬂn-n'munﬂﬂ“.
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Model 3, blunt leading edge wrapped with Inconel.- The fin with
the l/52—inch-thick Inconel wrapped around the leadling edge was exposed
in the Jet at conditions slightly more severe than those of the previous
tests (2.3 seconds &t a stagnation temperature of 2,540° R) without dam-
age. In subsequent tests the fin was exposed for 2.4 seconds at 2,910° R
and for 2.3 seconds &t 3,220° R. The Inconel was held in place by rivets
ag Indicated in figure 1. Prior to the tests, considerable concern was
expressed on the possible effectiveness of this type of attechment because
of the different coefficients of thermal expansion of Inconel and masgne-
sium, Exsmingtions after each of these tests dlsclosed only minor effects
such as Inconel discoloration, deformetion of the rivet heads, and some
Inconel buckling between the rivets. The extent of each of these effects
of heating incressed as the stagnation temperature increased. No evidence
of damsge to the exposed masgnesium surfaces was observed during or after
these three tests.

Model 3 was finally tested in the Jjet with the stagnation temperature
at 3,500° R, the maximum stagnstion temperature available at the time of
the investigation. After exposure for about 2.5 seconds the Inconel
melted at the leading edge near the Jjet center line and the magnesium
gppeared to ignite under the Inconel and lmmedistely behind the Inconel on
the side of the fin. Total time in the testing position was 3.2 seconds.
Damasge to the leading edge and the rest of the fin is shown in figure 6.

Model L, blunt leading edge made of stainless steel.- This model,
which had the msgnesium repleced by stainless steel at the leading edge
and for a considersble distance behind the leading edge (see fig. 1) was
tested at a stegnation temperature of 3,500° R. It was tested at only
this stagnation tempersture because experience with model 3 indicsted
that model & would survive exposure at the lower stagnation temperatures.
At ebout 2.5 seconds, as in the test of model % at the same stagnation
temperature, the magnesium was observed to ignite near the Jet center
line immedistely to the rear of the stalnless steel, which was red hot
where it Joined the magnesium. Total time in the testing position was
3.7 seconds. The stalnless-steel leading edge was undamaged during the
test; however, considersble demage was sustained by the magnesium behind
the stalnless-steel section as can be seen in figure 7. The stagnation
temperature of 3,500° R of the last test of model 3 and of the test of
model 4 is comparsble to the stagnation temperature that would be
obtained at a Mach number of 6.3 at an altitude of 40,000 feet.

Some idea of the relatlve effectiveness of the three leading-edge
protective schemes can be obtained from figure 8 and from table I.

The first damage observed during some of the tests was melting of
the magnesium; in other tests ignition of the magnesium was the Ffirst
desmage observed. According to reference 1, magnesium could be expected
to lgnite near the melting tempersture; therefore, the sppropriate test
times for which ignition was first observed are teken as times for '
melting to begin.
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Calculsations

Heating calculations at the leading edge, on the 1/52-inch-thick
Inconel, and at a station 2.5 inches behind the leading edge, on
0.17-inch-thick magnesium, have been made for model 3 at a stagnation
temperature of 3,500° R by using simple heat balance relations. Gen-
eral sgsumptions mede in performing these calculations are as follows:

1. No tempersture gradients elong the surface or through the material
2. No radistion

Assumptions made in performing the calculations at the leading edge are as
follows:

1. Flow is laminar-
2. Adisbatic wall tempersture equal to the stagnation temperature

3. Effective thickness of Inconel was taken as T4.8 percent of sheet
thickness. This resulted from dividing the volume of the material by the
surface ares to obtain an average thickness.

4, No conduction to the magnesium enclosed by the Inconel

Assumptions made in performing the calculatlons behlind the leading edge
are as follows:

1. Turbulent flow exlsted from the leading edge

2. Van Driest's values of the turbulent flat-plate skin friction
were applicable

3. Reynold's asnalogy constant was 0.6.

4. Recovery factor was equal to the cube root of the Prandtl number
based on wall temperature.

Average aerodynamic hegt-transfer coefficients for the leadlng-edge calcu-
lations were calculated by the method of reference 2 for a two-dimensionsl

body. |

Calculated wall temperatures at the leading edge and at a station
2.5 inches behind the leading edge are shown in figure 9. The temperature
calculations at the leading edge on the Inconel sppear to be conservative,
that is, melting was calculated to occur at 2.0 seconds while actusl fin
failure was observed toc occur at the later time of 2.5 seconds. This con-
servatism in the calculation of the temperature of Inconel 1s influenced
by the assumption of no conduction and by the assumption of no radiation.

AR T s



NACA RM L57C1L CRNNIDE. T, T

It should also be noted that, although this conservative calculation
faeiled to predict the time of model fallure from Inconel melting by a
considerable fraction of the total test time, the actual error in heat
input was only about 10 percent of the total heat requlred to raise
Inconel to its melting temperature.

The calculated melting time for the magnesium (2.5 in. behind the
leading edge) was nearly L.k seconds. Thls, when compared wilth the
observed fin failure time of about 2.5 seconds supports the observation
made in the previous section that first fallure on the fin occurred on
the Inconel.

Calculated heatlng rates are presented in figure 10 to give some
idea of the sgeverity of these tests. These heating rates are somewhat
disproportionate; that 1s, under the artificial test conditions of the
high-temperature jet, the heating rate at the leading edge may not be
related to the heating rate behind the leading edge on the wing surface
in the same manner as it would be In free flight. For instance, at a
stagnation temperature of 3,500° R, the calculsted heating rate at the
leading edge is less than that calculated for gltitudes of 50,000 feet
and under. On the other hand, the calculated heating rate on the sur-
face of the fin 2.5 Inches behind the leading edge is less than that
calculated for altitude of 30,000 feet and under. Thus, for many tests
in the jet it is possible that the heating behind the leading edge may
become too severe when some leading-edge conditions are reproduced.
This discrepancy exists because the Mach number in the Jet cannot be
varied to complete the simulstion of the leading-edge condltions.

CONCLUSIONS

Results of seven tests of four models of a magnesium fin, three
with modifications designed to alleviate heating effects in the leading-
edge region, in a high-temperature jet at Mach number 2.0 indicate the
following conclusions:

l. Under similar test conditlions, a magnesium fin with a blunt
leading edge suffered much less damage than one with a very sharp leading
edge even when only the mass remaining after blunting was consldered.

2. Wrapping Inconel around the leading edge, while a very simple
modification, proved to be a very effective scheme for protecting the
leading-edge region.
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3. Elementary calculations appeared reasonably capable, though con-
servative, of predicting the time for melting of an Inconel leading edge.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Lengley Field, Va., March k&, 1957.
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APPENDIX A
HIGH~-TEMPERATURE JET

In order to study high-temperature effects on components of misslles
expected to obtain hypersonic speeds, it became necessary to develop a
ground-test jet capable of producing high-temperature flow assoclated
with hypersonic speeds. This high-temperature Jet was obtained by ducting
air from the storage spheres of the preflight test facilities of the
Langley Pilotless Alrcraft Research Division (ref. 3) through a fuel spray
and flame-holder donut-type burner where ethylene vapor fuel (02H4 is

injected into the airstream. The resulting combustible mixture is then
ignited and burned in & combustion chamber with the products of combustion
exhausted into the atmosphere through a convergent-divergent exit nozzle
at Mach number 2. A schematic drawing showing the intermsl character-
istics of the jet ducting end the Mach cone is presented in figure 11.
Also shown in figure 11 is the operation of the swing mechanism used for
inserting the test models into the hot Jet after the Jet has reached
steady-state conditions. The stagnation temperature of the jet exhaust
can be varied from the preheat values of the air supply by regulating

the fuel supply, whereas the static pressure at the nozzle exit is con-
trolled by regulation of the total pressure upstream of the burner. The
calculated varistion in temperature with fuel supplied is presented in
figure 12. The adiabatic equilibrium flame temperature after burning
ethylene (C2Hu) fuel with fuel-air ratio was computed from data presented

in reference 4. Calibration of the exhaust-temperature proflles across
the nozzle exit at various injection values of fuel and air supply was
obtained up to & value of 2,700O R by a temperature survey rake stationed
at L5° across the exit. Typical stagnation-temperature profiles obtained
with the temperature rake are presented in figure 13. Flgure 13 shows
that the stagnation temperature is not constant across the nozzle exit

of the Jet and that the maximum for any test is near the center line of
the jet. Also as the center-line stagnation temperature increased, the
temperature gradient from the center to the nozzle wall increased. For
center-line stegnation temperature near 2,500o R, the temperature gra-
dient was about 100° per inch nesr the center line. Because center-line
stagnation temperature above 2,700O R could not be measured in the cali-
bration of the Jet, any center-line value above 2,700° R must be esti-
mated by extrapolation of the values of the stagnation temperature and
fuel-air ratio.

Presented in figure 1k is the percent by weight of the ethylene
exhaust-gas products for fuel-air ratios less than the stoichiometric
value. The velues of the exhaust-gas products were computed by the
method presented in appendix B of reference 5 with the assumption that

S
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the hydrogen-carbon fuel (Czﬂh) is completely converted to carbon dioxide

and water vapor. It can be seen in figure 1L that the percent by weight
of nitrogen in the gas is reduced by only 6 percent from a wvalue of
77 percent for air to a value of 71 percent for the-exhaust at the stoi-
chiometric value. The fact that the nitrogen content of the exhaust is
large and fairly consistent with the nitrogen content of air indicates
that the heat transfer from the high-temperature exhsust should be closely
similar to the heat transfer at high temperatures from air. However,
the reduction in oxygen with the resultant increase in carbon dioxide and
water may alter substantlally the surface chemistry phenomena at high
temperature. 3

It is also necessary to have some idea of the thermodynamic prop-
erties of the exbhaust mixture. Although these thermodynamic properties,
such as gas constant R, specific heat at constant pressure cp, and
ratio of specific heats v, might vary slightly for d4ifferent runs, a
reasonable engineering estimate can be computed by a weighted averaging
process for the values of temperature with fuel-air ratio as presented
in figure 15 by using data presented in references 4-and 5 for the ther-
modynemic properties of each of the exhaust products with temperature.
The computed values for Cp and 7y are preseénted in figure 15 whereas

figure 5 of reference 5 shows, for the combustiop of ethylene fuel which
has a hydrogenpcarbon ratio of 0.168, that R remeins epproximately
£1t-1b
53.3 57
value. Also presented in flgure 15 are the cp and V4 variatlons with

over a range of fuel-alr ratio from O to the st01chiometric

temperature for alr as obtained from references 6 and 7. It can be seen
in figure 15 that the thermodynamic properties of the exhaust gas are
very similar to those of ailr.

Thus, from the results presented in this appendix, it can be expected
that tests of aerodynamic shapes in the high-temperature Jet simulate
tests in the atmosphere under similar temperature conditions.
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TARLE I

SUMMARY OF TEST CONDITIONS AND RESULIS

[m tests weras conducted so that the total pressure behind & detached shock ahead of the fin leading
edge was 11,300 per square foot which is representative of ths pressurs obiained at a Mach
mmber of 2.6 at an altitude of 20,000 feet or at & Mach mmber of 4.0 at en altituds of k0,000 feet,|
: Percent of
Stagnation erabure oxywen by Equivelent Equivelent Test Time of
Model | temperature, veriation, volime of Mech no. at | Mach no, at | duratlon, | fallure, Remarks
% °r total gases | sea level 4p,000 £t sec sec
et (=) (a)
Excepaive damage to
1 2,390 10 13.0 b2 5.0 2.3 0.6 [ leading edge
2 2,310 £15 13.9 b1 kg 2.3 1.9 {B‘fdg:m‘ge to leeding
; Very amsll bucklea
3 2,540 *61 12.6 k.6 5.4 2.3 — { in Tnoomel
(Large buekels 1n
3 2,910 x40 10.4 4.9 5.7 2.4 — ¢ Ineonel
Very large buckels
3 3,20 +100 8.7 5.2 6.0 2.3 -— 1 4n Incomsl
'Exceusin damage to
JInconel leading edge;
3 3,500 +100 7.3 5.5 6.3 3.2 2.5 1 “Damreatum parts
burned
Excessive damage;
magnesium parts
" 3,500 £100 7.3 5.5 6.3 3.7 2.5 nrned; stainless-
gteal leadinhg edge

Bgquivalent Mack nomber is the one that gives the stagnation temperetiwrs of the test at 1.nﬂ.'l.ce.‘Fed. altitude.
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Nodel 1, basic fin
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Model 2, blunt leeding edge
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\\(—Leading edgs of model 1

\
- 50 half-wedge angle
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Figure 1.~ General features of the models.
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Model 3, blunt leading edge wrapped with ¥odel li, blunt leading edge made

1/32-inch thick Inconsel

3/32" Qiameter Norwey
iron rivets

0 0
”’I l*‘l“ (typica;)
- |

//—1/16" radius

of atainless steel

3/32" dismeter Norway
iron rivets

3/h" (typical)

1/16" redius

Figure 1.~ Concluded.
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Figure 2.~ Model 2 in the testing position.
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Figure 3.~ Varietion of stream conditions along Jet center line with stagpation temperature.
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L-93486.1
Figure L.- Damage to the leading edge of model 1 after exposure for
2.3 seconds at 2,590 R.
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L-93485.1
Figure 5.- Damage to the leasding edge of model 2 after exposure for
2.3 seconds at 2,310° R.
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L-934859.1
Figure 6.- Demage to model 3 after exposure for 3.2 seconds at 3 ,500c> R.
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L-93490.1
Figure 7.~ Damage to model 4 after exposure for 3.7 seconds at 3, 5000 R.
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Figure 9.~ Calculeted wall temperature at the leading edge and om the surface 2.5 inches behind

the leading edge of model 3 for & stagnation temperature of 3,500° R.
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Figure 10.- Calculated heat Input to the leading edge and to the surface 2.5 inches behind the
leading edge of model 3 for a stagnstion temperature of 3,500° R.
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